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1.  INTRODUCTION 

Tki*  is  th*  final  report  covering  the  research  study  program 
which  has  been  cendueted  by  the  Servomechaniems ,  be.  Research  and 
Development  Center  for  the  Bureau  of  Ships.  Department  of  the  Navy, 
en  Contract  No.  NObs  •  86367.  The  scope  of  bis  contract  was  a  study 
of  one  method  of  thermoelectric  application  technique.  Specifically, 
be  work  involved  fabrication  and  test  to  investigate  a  mebod  of  struc* 
tural  encapsulation  of  washer-shaped  bermoelectric  elements  under 
preesure. 

On*  goal  of  be  program  was  to  verify  preliminary  evidence 
that  bermoelectric  elements  are  free  from  formation  of  mechanical 
cracks  due  to  bermal  shock,  high  bermal  gradients,  or  bermal  ex¬ 
pansion  problems  vben  be  bermoelectric  material  is  held  beyond  its 
compressive  yield  strengb.  Thus,  short  pab-length  elements  may  be 
used  wib  high  bermal  gradients,  resulUng  in  high  electrical  yield  per 
kilogram  of  bermoelectric  material  wib  low  degradation  over  long 
operating  life.  Under  base  pressure  conditions,  be  requirement  for 
matching  be  coefficients  of  bermal  expansion  of  be  bermoelectric 
elements  to  bat  of  ober  structural  materials  becomes  of  only  secondary 
importance.  However,  dab  on  be  chemical  afiect*  of  various  contain¬ 
ment  materials  on  performance  was  investigated.  It  was  also  intended 
to  verify  preliminary  evidence  bat  be  us*  of  high  retaining  pressures 
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will  allow  kot  junction  tamparaturoa  In  aiwaaa  of  thosa  which  ara  nor¬ 
mally  practical  by  inhibiting  tha  aublimatioa  of  critical  fractiaiui  of  tha 
tharmoalactric  matarial.  particularly  undar  vacuum  conditiona. 

Anothar  goal  of  tha  program  waa  to  varify  dmt  tha  mathod  of  producing 
tha  aneapaulatad  washar-type  alamai  ts  would  load  to  low  contact  raaiat- 
anca  within  tha  ganarater. 

During  tha  courao  of  tha  program,  a  number  af  axporimantal 
modulaa  ware  eonatructad  uaing  thia  aneapaulation  tachnigua,  and  lifa 
taat  data  waa  ebtainad  to  aatabliah  tha  parformanca  with  time.  Thaaa 
taata  ware  run  near  600°  C.  in  a  vacuum  environment.  A  aariaa  of 
taata  ware  alae  run  on  aavaral  of  tha  taat  modulaa  in  which  tha  heat 
input  waa  turned  oft  and  on  to  give  complete  thermal  cycling.  Tha  ef- 
facta  of  containmnet  praaaure  on  aemiconductor  thermoelectric  pro- 
pertiea  waa  alao  inveatigatad. 

Theae  teata  indicated  that  modulaa  of  thia  conatruction  are  cap¬ 
able  of  operating  in  vacuum  at  600°  C.  for  prolonged  parioda  of  time 
without  aarioua  degradation.  The  cycling  taata  indicated  that  thia  type 
module  ia  capable  of  undergoing  at  Icaat  Z,500  atart-up  >  ahut-down 
cyclaa  writhout  any  degradation.  It  waa  found  that  tha  tharmoalactric 
propartiea  of  lead  telluride  ware  aubatantially  independent  ef  tha  ap¬ 
plied  retaining  praaaure  and  that  good  low  raaiatanca  junctiena  could 
be  formed  and  maintained  by  thia  preaaure  confinement.  The  taat 
modulaa  ware  fabricated  with  load  telluride  aa  tha  active  aamiconductiva 
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and  no  effort  wee  made  to  obtain  maxiinum  etticieney  aince 
ttte  muf-yr  purpose  of  the  program  was  to  establish  mechanical  integrity 
during  prolonged  operation. 
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II.  TEST  MODULE  DESIGN  AND  CONSTRUCTION 

Th.  th«rmeel.ctric  unit,  fabricated  during  th.  program  to  obtain 
to.t  ro.ult.  were  of  a  cylindrical  do.ign  confi||uratioa.  Thia  form  wa. 
che.en  .ince  it  r.pre.«nt.  an  optimum  way  of  containing  tho  th.rmo.loc- 
trie  material  under  the  high  compr.e.iv.  load,  contemplated  in  th.  basic 
approach.  It  was  also  a  geometry  about  which  a  great  deal  is  known  at 
SM/I,  due  to  past  experience  with  thermoelectric  generators.  Each  tost 
module  conaieted  of  one  ”P"  and  one  "N"  junction  since  this  would  give 
adequate  test  results.  Lead  telluride  was  used  as  the  eemiconductive 
material  since  a  great  deal  is  known  about  its  mechanical  properties  and 
thermoelectric  performance.  The  particular  properties  of  lead  tel- 
luride.  such  as  low  tensile  strength  and.high  eoefficient  of  thermal  ex¬ 
pansion,  are  similar  to  those  of  other  thermoelectric  materials  which 
might  be  considered.  A  thermoelectric  test  module  following  this  de¬ 
sign  concept  coneists  of  two  short  cylindrical  washer-like  sections  of 
lead  telluride,  one  "N"  type  and  one  "P"  type,  cylindrically  contained 
between  metal  inner  and  outer  bands  and  separated  by  insulating  washers. 
A  complete  test  module  of  this  type  is  one  inch  in  diameter  and  is  shown 
in  the  photograph  in  Figure  1 .  The  design  details  are  shewn  in  the 
croes-eectional  drawing  of  Figure  2.  The  containment  pressure  is  sup¬ 
plied  radially  by  the  metal  rings  and  longitudinal  pressure  was  applied 
by  exterior  means  through  the  Lavito  anvils  shown  in  Figure  2.  The 
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l«ad  taUurid*  circular  clamcntt  ar*  .  S  inch**  *.  d. .  .  315  inch**  i.  4.  • 
aad  .  07  inch**  thick.  Each  cM^taia  on*  gram  *C  l*ad  taUurid*.  This 
t**t  niadul*  i*  a  complot*  th*rmo*l*etric  coupl*  and  may  b*  t**t*d  in¬ 
dividually  to  obtain  th*  n*c***ary  parformanc*  data. 

Th«  "N"  and  "P"  typ*  load  t*llurid*  usad  in  tii*  fabricatton  of 
th***  modul**  wa*  manufacturad  by  S*rvom*chaai*m*/lne.  following 
tk*  proeodur**  eutlinad  in  Appondix  A.  No  effort*  w*r*  mad*  t*  opti- 
mis*  th*  ttk*rmo*l*ctric  propartia*  of  th*  matarial  t*  obtain  maximum 
aSiciancy  sine*  th*  scop*  of  th*  contract  wa*  limited  to  machanical 
fabrication  and  t**t. 

Th*  "P"  and  "N"  typ*  l*ad.t*Uurid*,  a*  manufactured,  i*  in 
th*  farm  of  a  solid  cast  body.  This  material  was  crushed  and  ground 
‘  and  passed  trough  a  on*  hundred  mesh  screen  to  obtain  a  powder  of 
controlled  particle  six*.  Th*  powder  wa*  then  cold  pressed  at  approxi¬ 
mately  60, 000  psi  in  a  meld  having  th*  proper  dimensions  to  form  solid 
bodies  of  the  material.  Th*  resulting  lead  tellurid*  bodies  oraro  than 
assembled,  a*  shown  in  Figure  2,  between  tee  aaetallic  inner  and  outer 
retaining  bands  with  suitabl*  insulatioa  between  the  "N"  and  'P"  typ* 

h 

elements.  These  complete  modules  were  then  heat  treated  under  pr os- 
sure  in  an  inert  atmosphere  on  a  definite  time  cycle  to  enhance  thermo¬ 
electric  properties. 

Th*  inner  and  outer  retaining  ring  material  was  varied  to  de¬ 
termine  possible  interaction  effects  with  tee  lead  tellurid*  under  opehat- 
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iag  Th«  matoriala  lavvttlgvtod  w«v«  ARMCO  lr*a  and  tw* 

•talnlcaa  ataala,  namaly,  ABI  418  and  A181  430  P.  Baata  far  aalae* 
tlaa  af  ttiaaa  matariala  was  kigh  craap  strangth  at  ttta  aparatlag  tam* 
paratuiraa.  carraalaa  rasistanca,  maeklaaability,  and  ehamical  eam- 
patibillty  with  lead  taliurida.  High  aipkal  caataiaiag  allays  wars  avaidad 
baeausa  af  tha  known  possibility  af  contamlnatiM  ad  A*  V**<i  taliurida. 
Hawavar,  tha  AlSl  416  has  a  small  amount  of  nickal  contant  and  was  in« 
vsstigatad  to  datarmina  possibla  da^tariaus  affacts.  Tha  insulating 
material  batwaan  tha  lead  taliurida  wafers  was  varied  to  datarmina  dta 
affacts  af  this  factor  on  tha  life  performance  of  this  particular  type 
generator  configuration.  Tha  insulating  materials  invastigatad  wars 
mica,  titanium  dioxide,  sircanium  dioxide,  and  bpron  nitride.  The 
latter  three  ceramic  materials  were  introduced  into  the  structure  in 
the  form  ef  a  cold  pressed  wafer  formed  from  their  powders. 
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111.  TEST  PROCEDURE 

The  test  modules  were  evaluated  in  test  chambers  designed  and 
constructed  for  titis  purpose.  A  four-station  test  stand  was  constructed 
to  expedite  the  acquisition  of  life  test  data.  A  photograph  of  the  test 
stand  is  shown  in.  Figure  3.  Figure  4  shews,  in  more  detail,  the  lay¬ 
out  of  an  individual  station.  Each  station  basically  consists  of  an  evacu¬ 
ated  bell  Jar  with  prevision  for  introducing  variable  compressive  forces 
to  the  test  modules.  The  pressure  is  applied  by  a  means  of  two  ad¬ 
justable  beam  and  fulcrum  systems  in  cascade.  The  load  of  the  cali¬ 
brated  spring  seen  on  the  left  is  reacted  through  a  column  in  compres¬ 
sion,  which  includes  the  radially  restrained  lead  telluride  elements  of 
the  module.  In  this  way,  the  test  module  within  the  vacuum  system  may 
be  subjected  to  a  controlled  and  variable  pressure  of  up  to  50,000  psi, 
thus  allowing  investigation  of  performance  as  a  function  of  pressure. 

The  two  halves  of  the  compression  column  holding  the  module  also  pro¬ 
vide  an  electrical  path  for  the  heating  current.  The  hot  Junction  tem¬ 
perature  is  introduced  by  electrical  resistance  heating  of  the  inner  cyl¬ 
indrical  retainer  of  the  test  module.  The  power  ie  supplied  in  the  form 
of  a  heavy  A.C.  current  which  is  provided  by  a  transformer  that  is  seen 
under  the  table  in  the  photograph.  The  cold  Junction  temperature  is  es¬ 
tablished  by  two  water-cooled  copper  blocks  which  are  spiring  loaded  ee 
as  to  provide  good  thermal  contact  with  the  cold  Junction  radial  retainers. 
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The  hot  and  cold  junction  temperatures  are  measured  by  means  of 
chromel-alumel  thermocouples.  The  output  of  the  test  module  was 
computed  by  measuring  the  output  voltage  across  a  known  resistive 
load.  Provision  is  made  for  disconnecting  the  load  to  obtain  the  no 
load  Seebeck  voltage  of  the  test  modules.  Operating  data,  such  as  in> 
ternal  resistance,  power,  output,  efficiency,  etc.  ,  are  computed  from 
these  observations. 
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1 V .  TEST  RESULTS 

The  following  test  results  were  obtained  from  the  modules  con<> 
structed  on  the  program: 

A.  Life  Tests 

The  test  modules  which  were  fabricated  by  the  methods 
described  previously  were  put  on  life  test  as  early  as  possible 
in  the  program  to  get  the  maximum  time  span  of  test  results. 

The  following  is  the  history  of  the  modules  during  the  course 
of  the  tests: 

1 .  Test  module  #  1  was  made  using  ARMCO  iron  as  the  re¬ 
taining  metal  and  used  mica  as  the  insulator  between  ele¬ 
ments.  The  life  test  in  a  vacuum  environment  at  about 
10  microns  pressure  was  conducted  with  hot  junction 
temperatures  in  the  range  of  550°  C.  -  600°  C.  and  a 
A  T  of  465*  C.  Figure  5  is  a  curve  showing  the  per¬ 
formance  parameters  versus  life  under  these  conditions. 
At  the  end  of  1 , 600  hours,  the  unit  had  experienced  a 
16%  loss  in  power  output  and  some  decrease  in  the  elec¬ 
trical  conductivity.  Most  of  the  change  in  the  perform- 
'  ance  occurred  in  the  first  300  hours  of  life  with  little 
change  after  this  point.  The  specific  power  output  of 
this  modviie  was  initially  .  73  watts  per  gram  of  active 
material. 
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2.  T«ft  module  #2  was  with  ARMCO  iron  rotaining  riaga 
and  mica  insulators  and  aecumulatsd  1,000  hours  during 
the  course  of  life  test  and  showed  a  12%  less  of  power 
output.  The  test  conditions  were  the  same  as  Item  1  and 
again,  the  most  degradation  occurred  during  the  first  300 
hours.  The  results  are  shown  in  Figure  6.  The  specific 
power  output  of  this  module  was  initially  .  78  watts  per 
gram  of  active  material. 

3.  Test  module  #  3  was  also  an  ARMCO-mica  unit  and  ac¬ 
cumulated  1,000  hours  during  the  course  of  the  life  test. 
The  high  degx'adation  of  this  unit  is  explainable  since 
early  in  its  history  an  accidental  failure  of  the  test  setup, 
in  terms  of  a  broken  water  line,  caused  it  to  operate  for 
an  unknown  period  of  time  in  a  steam  and  water  vapor 
atmosphere.  The  test  was  continued  after  the  correction 
of  the  failure,  and  the  curve  of  Figure  7  shows  a  slow  re¬ 
covery  from  the  artificial  conditions  that  were  imposed. 
Specific  power  was  initially  .  69  watts  per  gram. 

4.  Test  module  #4  put  on  life  test  utilised  ARMCO  iron  re¬ 

taining  rings  and  a  Ti02  insulating  material.  It  ac¬ 
cumulated  900  hours  of  life  test  and  indicates  a  power 
output  degradation  of  about  9%.  The  curve  of  life  per¬ 
formance  is  shown  in  Figure  8.  Specific  power  was 
initially  .  77  watts  per  gram. _ 
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5.  Taat  modula  #5  wa*  canatructed  using  AUU  416  ataia- 
leas  steal  as  tha  matal  retaining  rings  and  a  mina 
tsnlar  as  the  insulator.  During  the  short  parted  ef 
the  contract,  this  module  experienced  330  hours  ef 
life  test  showing  6%  ef  degradation,  as  shown  in  the 
curve  in  Figure  9. 

6.  Test  modula  #6  was  constructed  utilizing  AISI  430  F 
stainless  steal  for  the  metal  retaining  rings  and  mica 
as  the  insulating  material.  The  short  time  span  of  ttxe 
contract  has  only  allowed  330  hours  of  life  test  on  this 
unit  which  shows  a  10%  power  degradation.  This  per¬ 
formance  curve  is  shown  in  Figure  10. 

B.  Thermal  Shock 

A  aeries  ef  tests  were  carried  out  in  order  to  investi¬ 
gate  the  effectiveness  of  compressive  retainment  in  combating 
the  fracturing  of  the  thermoelectric  elements  caused  by  the 
thermal  shock  and  thermal  cycling.  Two  standard  ARMCO  iron 
contained  nru>dules  which  had  each  completed  upwards  of  1000 
hours  of  continuous  operation  were  then  each  subjected  to  2500 
thermal  cycles.  Figure  11  shews  the  temperature  profile  per 
cycle  plotted  as  a  function  of  time  for  the  hot  and  cold  Junctions. 
Figures  12  and  13  show  power  output  and  internal  resistance  for 
each  of  two  comprossively  retained  modules  plotted  as  a  function 
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of  completed  thermal  cycles.  For  comparison.  Figure  14  shows 
a  plot  of  the  internal  resistance  and  power  output  of  an  identical 
module  without  compressive  retainment  when  subjected  to  the 
same  thermal  cycling.  It  is  seen  that  the  internail'^esistance 
increases  quite  rapidly  while  the  Seebeck  coefficient  remains 
constant.  When  a  condition  of  equilibrium  was  reached  after 
approximately  360  cycles  a  retaining  pressure  of  15,000  psi  was 
imposed  and  the  properties  of  the  module  were  observed  to  re¬ 
turn  rapidly  to  almost  their  original  value.  This  series  of  tests 
indicate  clearly  that  the  compressively  retained  module  is  im¬ 
mune  to  the  effects  of  thermal  cycling  and  thermal  sbo<^^  No 
tests  involving  mechanical  shocks  were  carried  out,  but  is  is 
probable  that  the  same  immunity  would  be  evidenced. 

C,  Effect  of  Pressure  on  Module  Thermoelectric  Properties 

In  order  to  determine  the  effect  of  the  compressive  re¬ 
taining  pressure  upon  the  thermoelectric  properties  of  a  module, 
one  of  the  ARMCO  contained  modules  was  placed  in  the  test  fix¬ 
ture  in  a  vacuum  environment  and  a  thermal  gradient  imposed. 
The  Seebeck  coefficient  amd  internal  resistance  were  recorded 
while  the  confining  pressure  was  varied  from  32,000  psi  down 
to  150  psi.  Figure  15  summarizes  the  results  of  this  test.  The 

slight  increase  in  Seebeck  coefficient  was  probably  a  function 

I 

of  increasing  hot  junction  temperature.  No  gross  changes  in 
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properties  wee  observed  to  be  caused  by  the  variatton  of  re¬ 
taining  pressure. 

D.  Materials  Compatibility 

Variations  of  the  standard  module  were  fabricated  and 
their  performance  determined  over  a  range  of  temperature  up 
to  600*  C.  for  comparison  with  the  standard  miea  separated 
ARMCO  retained  module.  Figures  16  through  21  sumnnarise 
the  results  of  this  series  of  tests.  For  each  variatien  of  ntodulo 
there  is  a  plot  of  module  internal  resistance  versus  temperature* 
Seebeck  voltage  vereus  temperature*  and  Seebeck  voltage  per 
degree  C.  versus  temperature.  Figure  16*  for  comparison,  is 
the  standard  ARMCO  iron  retained  mica  separated  module. 
Figure  17  has  ARMCO  retainers  and  Figure  It  shews 

ARMCO  iron  retainers  with  T^02  separators  and  Figure  19* 
ARMCO  iron  retainers  with  BN  separators.  The  module  whose 
performance  is  presented  in  Figure  20  employs  ABl  Type  416 
stainless  steel*  and  that  of  Figure  21,  ABl  Type  4S0-F  steteleoa 
steel,  both  with  mica  separators.  Type  416  is  a  naartensitic 
stainless  steel  with  good  eorroaion  resiataaoe  end  high  tom* 
perature  creep  strength.  ABl  Type  430-F  is  a  ferrMc  stnln* 
less  steel  exhibitiag  excellent  corrosloa  reoiateioe  and  hl|^ 
temperature  creep  strength.  Type  430-F  contatw  no  nlahel 
and  Type  416  a  small  amount. 
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PHYSICAL  PROPERTIES 

Yield  Strength  Teaeil  Strength  Elongmtioain  RexhtetlM 
Semple  in  Pounds  per  in  Pounds  per  Perceolegs  of  Area 
Square  Inch  Square  Inch  Inch  per  fech  Peresntegs 

416  75,0U0  98,000  21.5  58.9 

430-F  80,600  93,000  28  60.4 

These  n  modules  were  assembled  and  heat  treated  as  described 
under  module  fabrication.  It  is  suggested  that  these  results 
be  taken  as  an  indication  of  probable  behavior  since  individual 
n.odules  rather  than  a  series  of  identical  modules  provided  the 
data  for  eacl;  representative  plot. 

effect  of  Ixeat  and  Pressure  During  a  Sintering  and  Heat 
Treatment  Fabrication  Process 

The  individual  modules  must  be  heat  treated  after 
the  cold  swaging  process  and  before  evaluation  la  order  to 
develop  acceptable  internal  resistance.  Flgture  22  sum- 
niarises  the  results  of  the  approximate  optimiaatioo  of  ttie 
heat  treatment  of  die  standard  ARM  GO  iron  contained 
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module.  Th«  electrical  reeietaace  of  the  modular  cw«^lo 
aaaembly  Including  the  hot  and  cold  Junction  coataeta  ia  pioltod 
aa  a  function  of  time  for  varioua  aelected  temperaturea  and 
preasurea  of  heat  treatment.  From  a  conaideration  of  the 
geometry  of  the  modulot  it  can  be  ahown  tiiat  a  module  reaiat« 
ance  of  10*^0  correaponda  to  a  mean  reaiativity  of  1. 17  x 
lo'^O  cm.  It  doea  not  aeem  therefore,  that  the  Jtmctioa  con- 
tacta  are  contributing  aignificantly  to  die  internal  reaiatance 
of  the  modulea.  It  ia  evident  that  the  rate  of  development  of 
theae  propertiea  ia  accelerated  by  both  the  application  of  tem« 
perature  and  preaaure;  further,  that  thia  effect  ia  more  in> 
fluenced  by  temperature.  If  the  heat  treatmenta  were  carried 
out  in  a  good  vacuum,  the  reaulta  would  have  been  more  aatia> 
factory.  The  preaaure  level  of  3500  pai  waa  choaen  for  heat 
treatment  aince  it  had  been  previoualy  determined  that  dtia  waa 
above  the  yield  atrength  of  the  lead  telluride  at  the  heat  treat¬ 
ment  temperature.  Appendix  B  diacuaaea  the  variation  of  com- 
preaaive  yield  atrength  of  lead  telluride  with  temperature. 
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V.  CONCLUSION 

The  conclusion  to  bo  derived  from  the  eaceminetion  of  the  toot 
data  in  the  previous  section  indicates  ttiat  tiae  technique  of  ttae  ^es» 
sure  containment  of  the  semiconductive  material  does  give  eignifiooat 
advantages.  Although  some  degradation  was  indicated  in  flie  life  tostSt 
the  test  conditions  were  unusually  severe  and»  without  tibe  pressure 
containment  technique,  the  unit  most  probably  would  not  have  survived. 
It  indicates  that  prolonged  operation  at  600**  C.  in  vacuum  environment 
is  possible  with  this  technique  with  relatively  low  degradation,  most 
of  which  occurs  in  the  first  300  hours  of  operation.  During  life  test 
operation  of  the  units,  there  was  no  evidence  in  the  test  container  of 
loss  of  tellurium  due  to  sublimation,  which  certainly  would  have  been 
very  pronounced  at  these  temperatures  without  the  pressure  contain¬ 
ment  technique. 

The  thermal  shock  testing  indicates  that  units  built  by  this 
method  are  totally  immune  to  start-up  -  shut-down  cycling.  This  is 
a  severe  test,  and  most  other  methods  of  construction  show  severe 
degradation  due  to  Ae  formation  of  cracks. 

It  has  also  been  proven  that  the  use  of  thermoelectric  material 
under  conditions  above  its  compressive  yield  strengOi  does  not  have 
significant  effect  on  its  thermoelectric  behavior.  The  tests  with 


PC  t004A  RIV.  a/M 


RfSEARCH  AND  OlVElO^MiNT  CCNTeit  •  SBTVOMKHANISMS,  INC - 

P«g«  39 

various  structural  materials  indicate  no  serious  problems  witib  re« 
taining  rings  or  with  the  insulation. 

Although  the  test  program  was  conducted  with  fairly  small 
thermoelectric  elements  as  individual  couples,  the  techniques  could 
be  applied  to  full  scale  thermoelectric  generators.  The  individual 
modules  can  be  stacked  to  form  a  series  of  couples,  as  shown  in 
Figure  23.  This  method  of  construction  offers  the  advantage  of 
being  able  to  fabricate  individual  couples  and  thoroughly  test  them 
before  assembly  into  a  complete  thermoelectric  generator.  The 
size  of  the  test  modules  was  relatively  small  and  was  selected 
arbitrarily  purely  for  test  purposes.  In  actual  application,  the 
size  of  the  individual  modules  could  be  increased  several  times  to 
give  greater  power  output  per  module  and  to  allow  more  flexibility 
in  the  heat  input  sources. 

The  tests  indicate  that  generators  utilizing  this  principle  can 
be  operated  with  high  thermal  gradients,  which  may  be  used  to  give 
high  specific  output,  since  the  use  of  high  thermal  gradients  would 
lead  to  high  thermal  flvut  densities.  In  thermoelectric  generators, 
the  power  output  is  proportional  to  the  thermal  flux  density,  and  the 
efficiency  is  not  affected,  so  that  higher  output  per  gram  of  thermo¬ 
electric  material  is  obtained.  Specific  outputs  approaching  one  watt 
per  gram  of  thermoelectric  material  were  obtained  with  good  life 
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expectancy.  It  la  felt  that  in  operating  at  these  conditions,  two  watts 
per  gram  would  be  readily  obtainable.  The  thermal  flux  density  at  the 
hot  junction  will  be  in  the  order  of  400  watts  per  square  inch.  To 
harness  this  approach  with  emphasis  on  high  specific  power  output 
requires  a  heat  source  capable  of  supplying  the  required  thermal  flux 
density.  One  possible  application  is  the  use  of  an  atomic  reactor 
heat  source  in  which  the  hot  junction  input  could  be  supplied  with  a 
liquid  metal  transfer  loop  from  the  reactor.  In  this  approach,  a 
substance  such  as  NaK  could  be  piped  through  this  cylindrical  hot 
junction  and  adequate  thermal  flux  could  be  obtained. 

It  would  generally  be  difficult  to  obtain  this  high  value  of 
thermal  flux  density  directly  from  flame  sources  of  heat,  even  with 
the  introduction  of  turbulent  flow.  Thermal  densities  between  50  and 
100  watts  per  square  inch  are  probably  the  maximum  obtainable  di¬ 
rectly  from  flame  sources.  However,  it  has  been  shown  that  radiant 
heating  is  am  interesting  method  of  power  transfer  at  the  tempera¬ 
tures  involved.  Therefore,  it  is  felt  that  a  radiating  solid  body 
operating  at  considerably  higher  temperature  than  the  desired  600*C. 
of  the  hot  junction  could  supply  the  thermtd  flux  densities  required 
for  high  specific  output.  A  burner  udtich  is  suitable  for  this  type 
application  has  been  developed  by  Consolidated  Diesel  Electric  Cor¬ 
poration  in  Bethel,  Connecticut,  and  there  may  be  other  such  burners. 
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This  is  a  re-antrant  type  burner  containing  a  small  silicon  carbide 
cylinder  which  can  be  operated  at  temperatures  up  to  1.700*C. 
using  either  gas  or  liquid  fuels.  Radiant  heat  transfer  from  such 
a  burner  could  probably  supply  the  thermal  flux  densities. 

The  thermoelectric  generator  construction  technique  des> 
cribed  herein  would  also  be  applicable  to  uses  where  high  specific 
power  output  is  not  important  and  more  normal  hot  junction  tem¬ 
peratures  are  used.  Normal  flame  sources  could  be  used  for  hot 
junction  temperatures  up  to  450°  C.  and  the  benefits  of  this  construc¬ 
tion  would  lie  in  reliable  long  life  with  very  high  resistance  to 
mechanical  and  thermal  shocks  and  rapid  response  to  turn-up  and 
turn-down  commands. 
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MATERIAL  PREPARATION 

Two  identical  samples  of  each  type  of  lead  telluride  were  used 
in  the  test  program.  These  samples  were  in  the  form  of  discs  one*half 
inch  in  diameter  and  one>eighth  inch  thick.  The  cast  material  was  crusheii 
passed  through  100  mesh  and  cold  pressed  at  30,000  psi.  The  resulting 
biscuits  were  then  sealed  in  a  quartz  tube  under  vacuum  and  initially  heat 
treated  at  700*^  F.  ,  then  cooled  50*  F  per  day,  to  300°  F.  No  metallog- 
raphic  examinations  were  made  of  these  samples.  The  heat  treated  sam* 
pies  were  then  each  placed  alternately  in  the  separate  apparatuses  for 
the  measurement  of  electrical  and  thermal  conductivity. 

The  temperature  of  these  tests  was  limited  to  350*C.  because  of 
evaporation  problems  commonly  encountered  with  unencapsulated  lead 
telluride  above  these  temperatures.  Of  the  two  samples  of  each  type  of 
lead  telluride,  each  was  alternately  placed  on  the  apparatus  for  electrical 
conductivity  measurement  and  then  that  for  thermal  conductivity  and  See- 
beck  coefficient  determination. 

Electrical  conducitity  was  measured  by  a  four-point  probe  with 
microscopic  penetration  of  the  surface.  The  apparatus  provided  a  vacuum 
environment  and  was  equipped  with  heater,  muffle,  and  radiation  shields 
in  order  to  produce  a  uniform  sample  temperature. 

In  order  to  measure  thermal  conductivity,  the  sample  was  sand¬ 
wiched  between  two  precise  half- inch -diameter  discs  of  alumina.  Logi- 
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tudinal  heat  flow  through  the  stack  was  induced  by  means  of  a  heater 
placed  at  one  end  and  a  heat  sink  at  the  other  end.  The  whole  was  sur« 
rounded  by  a  muffle,  furnace  elements  and  radiation  shields,  and  main¬ 
tained  in  a  vacuum.  Considerable  care  was  taken  in  the  design  of  this 
apparatus  to  encourage  unidirectional  heat  flow  from  the  heat  source  to 
the  heat  sink;  however,  the  method  of  computation  took  into  account  ra¬ 
dial  heat  losses  from  the  sample.  Computations  were  based  on  the  mea¬ 
sured  absolute  temperatures  occurring  at  each  face  of  the  two  alumina 
standards  and  the  sandwiched  lead  telluride  sample.  Some  difficulties 
which  were  encountered  concerning  thermocouple  calibration  and  radial 
heat  losses  were  overcome  and  acceptable  results  were  eventually  ob¬ 
tained.  The  Seebeck  voltage  developed  as  a  result  of  the  temperature 
gradient  which  was  maintained  in  order  to  measure  thermal  conductivity 
conveniently  enable  Seebeck  measurements  to  be  made  at  the  same  time. 
Some  data  which  was  obtained  from  these  runs  is  presented  in  Figures  1 
through  4. 

The  thermoelectric  materials  used  in  this  work  are  basically 
lead  telluride  of  the  alloyed  type.  The  "N"  material  contains  18 M  % 
lead  selenide  to  reduce  the  thermal  conductivity.  This  alloy  was  doped 
with  bromine  as  lead  bromide  to  yield  .  05  M  %.  An  excess  of  .  5  M  % 
lead  is  added  to  aid  the  electrical  conductivity  across  the  inter -crystal¬ 
line  boundaries  and  improve  the  doping  yield.  The  doping  is  achieved 
from  a  dope  concentrate  of  lead  bromide  and  lead  dissolved  in  tellurium. 
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The  initial  doping  yielded  carrier  concentration  about  60%  of  the  bro¬ 
mine  ion  concentration  and  it  was  neceaeary  to  add  additional  lead  bro¬ 
mide  to  compensate.  This  yield  is  effected  by  the  crystalliaation  condi¬ 
tions.  The  redoping  yielded  an  "N"  type  lead  telluride  with  a  factor  hav- 
ing  a  maximum  "Z"  of  about  1 .  1  X  10  /“c  at  200°  C. 

The  "P"  type  lead  telluride  was  likewise  of  the  alloyed  type  con* 
taining  18  M  %  tin  telluride.  The  doping  was  Sodium  added  from  a  lead- 
sodium  alloy  and  the  resulting  material  contained  .6M%  sodium  and 
.2M  %  excess  tellurium.  The  resulting  material  yielded  a  higher  car¬ 
rier  concentration  than  was  expected  with  the  consequence  that  the  See- 
beck  voltage  was  low  and  the"Z"  factor  about  .4-. 6x10  ^  C. 
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COMPRESSIVE  YIELD  STRENGTH  OF  PhTe 

Figure  1  shows  the  short  time  compressive  yield  strength  of  a 
sample  of  lead  telluride  plotted  as  a  function  of  temperature.  The  sam* 
pies  were  taken  from  an  engineering  grade  of  lead  telluride  which  was 
prepared  at  Servomechanisms /Inc.  In  a  mechanical  system,  which  is 
subjected  to  rapid  changes  of  temperature,  the  short  term  thermal  stres¬ 
ses  are  important.  The  compressive  strengths  here  shown  are  those 
which  are  approached  by  the  process  of  creep  in  a  sample  which  has 
been  subjected  to  stress  at  the  indicated  temperatures  for  not  more  than 
five  minutes.  These  results  were  obtained  by  compressively  loading  a 
cylindrical  column.  This  column  was  f  "  diameter  and  1"  long  and  fabri¬ 
cated  by  cold  pressing  at  56,000  psi  followed  by  a  heat  treatment  at  400* 
and  800  psi. 
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